Seed bank dynamics in sand plain lowland fynbos  by Musil, C.F.
S. Afr. J. Bot., 1991,57(3) 
Seed bank dynamics in sand plain lowland fynbos 
C.F. Musil 
National Botanical Institute, Stress Ecology Unit, Private Bag X16, Rondebosch, 7700 Republic of South Africa 
Accepted 4 February 1991 
Seed inputs to the soil, pre- and post-fire non-dormant soil-stored seed reserves and seedling population 
densities were compared in one serotinous and four non-serotinous species. In all non-serotinous species, 
estimated numbers of viable seeds per unit area released annually to the soil generally exceeded by several 
orders of magnitude recorded seedling population densities following an ensuing late spring wild fire. Similar 
patterns were evident where estimates of annual viable seed inputs to the soil were compared with measured 
non-dormant soil-stored seed reserves. The latter increased up to 10-fold in soils after fire. In serotinous 
Protea repens, correction of measured fire-induced seed input for an observed 72.5% reduction in seed 
viability in cones during fire resulted in an estimated viable seed input similar to this species's recorded post-
fire seedling population density. Data suggest that dormant seed reserves do not accumulate in fynbos soils 
between fires. This may explain localized species population extinctions and sensitivity of fynbos to 
disturbance. 
Saadtoevoer tot die grond, nie-rustende grondgebergde saadreserwes voor en na die voorkoms van vuur, en 
die bevolkingsdigthede van saailinge is in een saadhoudende en vier nie-saadhoudende spesies vergelyk. In 
aile nie-saadhoudende spesies was die beraamde getalle van lewenskragtige saad per oppervlakeenheid wat 
jaarliks tot die grond vrygestel is, in die algemeen verskeie ordes groter as aangetekende saailingbevolkings-
digthede na 'n daaropvolgende brand gedurende die laat lente. Soortgelyke patrone is gevind waar 
beramings van jaarlikse lewenskragtige saadtoevoer tot die grond vergelyk is met afgemete nie-rustende 
grondgebergde saadreserwes. Die laasgenoemde het tot tienvoud vermeerder in die grond na 'n brand. Die 
afgemete brandge'induseerde toevoer van lewenskragtige saad deur die saadhoudende Pro tea repens (na 
regstelling vir 'n daling van 72.5% in lewenskragtige saad in die saadkeels tydens 'n brand) het uitgewerk tot 
'n beraamde lewenskragtige saadtoevoer vergelykbaar met die spesies se saailingbevolkingsdigtheid na die 
vuur. Die gegewens dui daarop dat rustende saadreserwes nie in fynbosgrond opgegaar word nie. Dit dui 
dalk ook op redes waarom daar in sekere spesies gelokaliseerde uitsterwing is, en waarom fynbos so 
gevoelig vir enige steurings is. 
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Introduction 
Recurrent fires at frequencies of 5 to 40 years or more are 
an important disturbance feature of mediterranean-type 
ecosystems (Naveh 1974; Keeley 1975; Kruger 1977; Gill & 
Groves 1980). Many species populations are killed by fire 
and regenerate only from seeds stored either in condensed 
inflorescences in the plant canopy (serotiny) or in the soil 
(Kruger & Bigalke 1984). Canopy-stored seed banks have 
been investigated in detail in fynbos, mainly among sero-
tinous Proteaceae (Le Maitre 1987). Recruitment from these 
seed banks following en masse fire-induced seed release 
from plants is influenced by fire frequency, season and 
intensity (Kruger & Bigalke 1984; Bond et al. 1984; Bond 
1984, 1985). In contrast, relatively little information is 
available on soil-stored seed banks in fynbos . Their exist-
ence, however, is supported by the observed occurrence of 
seedlings of many non-serotinous taxa in various fynbos 
communities after fire (Martin 1966; Richardson et al. 1984; 
Musil & De Witt 1990), the high proportion (ca . 20% of the 
Capensis Flora) of myrmemochorous fynbos taxa (Bond & 
Slingsby 1983, 1984), the obligatory dependence of some 
fynbos taxa on seed burial by ants for regeneration (Bond & 
Slingsby 1984; Slings by & Bond 1985) and actual measure-
ments of soil-stored seed densities (Pierce 1987, 1990; 
Manders 1990a, 1990b). 
The accumulation of dormant, but viable seed reserves in 
soils provides a mechanism for surviving disturbance and a 
buffer against annual variations in seed set whether inherent 
or mediated by pollinators or climatic conditions (Temple-
ton & Levin 1979; Cavers 1983). Such persistent soil seed 
banks are often characteristic of frequently disturbed 
vegetation (Thompson 1978; Thompson & Grime 1979). 
They contrast with transient soil seed banks where seeds are 
either rapidly depleted in numbers through predation and 
decay or remain in a viable condition for only one year 
(Grime 1979). The dynamics of persistent soil seed banks 
are complex (Van der Valk & Davis 1978; Bartalome 1979). 
The proportion of dormant seeds in such seed banks is 
variable (Thompson & Grime 1979). Seed inputs to and out-
puts from the soil seed bank are affected by a multiplicity of 
factors, such as availability of pollinators, climatic 
conditions, activities of pathogens and granivores (Keeley 
1977). Cues for germination in persistent seed banks are 
complex and varied. In fire-prone mediterranean-type eco-
systems, they include: 
(i) The direct stimulation of germination by fire through 
seed exposure to heat (Levyns 1929; Blommaert 1972; 
Van de Venter & Esterhuizen 1988) and gases such as 
ethylene and ammonia (Van de Venter & Esterhuizen 
1988) released during vegetation fires (Lewcock 1937; 
Russell et al. 1974). 
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(ii) The indirect stimulation of germination by fire through 
soil mineral enrichment by burnt plant residues (Levyns 
1926), seed contact with charcoal (Wicklow 1977; 
Keeley et al. 1985; Keeley & Pizzorno 1986), increased 
diurnal soil temperature amplitude fluctuations in burnt 
exposed sites (Brits 1986a, 1987) and destruction of 
allelopathic substances inhibiting seed germination 
(McPherson & Muller 1969; Christensen & Muller 
1975). 
In species with persistent soil seed banks, the size of 
dormant soil-stored seed reserves accumulated from suc-
cessive annual seed crops, particularly after prolonged fire 
deferral, should be large in relation to the species' annual 
seed production (Thompson & Grime 1979). Therefore, if 
factors directly or indirectly associated with fire provide 
cues for germination of dormant soil-stored seeds, post-fire 
seedling population densities in such species could be 
expected to exceed their annual viable seed inputs to the 
soil. In species with transient soil seed banks, the opposite 
could be expected whether seeds are released intermittently 
from the canopy between fires or en masse following 
destruction of parent plants by fire as in serotinous species 
(Bond et al. 1984; Bond 1984, 1985). Canopy-stored seeds 
of serotinous species exhibit little tendancy to accumulate in 
the soil between fires (Bond 1980), germinate almost exclu-
sively in the first post-fire year (Williams 1972; Kruger 
1977) and rapidly decline in viability after release (Van 
Staden 1978). These characteristics are shared by serotinous 
species wherever they occur (Naveh 1974; Vagi et al. 1977; 
Trabaud 1980; Gill 1981; Zedler 1981; O'Dowd & Gill 
1983). 
It is generally unclear whether dormant seed reserves 
accumulate in fynbos soils between fires. Some taxa, such 
as Aspalathus and Orothamnus, with high levels of seed-
coat-imposed dormancy, have potentially long-lived seeds 
(Blommaert 1977; Boucher 1981) and may accumulate in 
soils between fires, though high post-dispersal seed 
predation (Bond 1984) and decay rates may prevent or 
retard this accumulation. Nevertheless, where comparisons 
have been made between annual seed productions and soil-
stored seed reserves in fynbos species, the data generally do 
not support the existence of persistent seed banks. Pierce 
(1990), for example, observed that the annual seed pro-
ductions of coastal dune fynbos species exceeded the sizes 
of their soil-stored seed reserves. Similar observations have 
been made in the California chaparral. Keeley (1977) ob-
served that the annual seed productions by Arctostaphylos 
and Ceanothus spp. were also considerably greater than the 
sizes of their respective soil seed pools. 
In this study, the relationships between seed input, soil-
stored seed reserves and seedling recruitment levels after 
fire are compared in both serotinous and non-serotinous 
species to establish whether dormant seed reserves accumu-
late in sand plain lowland fynbos soils between fires. The 
species investigated were non-serotinous M etalasia muri-
cata (L.) D. Don (Asteraceae), Thamnochortus punctatus 
Pillans (Restionaceae), Phylica stipularis L. (Rhamnaceae) 
and Leucospermum parile (Salisbr. ex Knight) Sweet (Pro-
teaceae) and serotinous Pro tea repens (L.) L. (Proteaceae). 
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Study area 
Studies were carried out at the Fynbos Biome intensive 
study site at Pella (Jarman & Mustart 1988). Climate is typi-
cally mediterranean with a mean annual rainfall of ca. 590 
mm falling predominantly in winter (Fuggle 1981; Jarman 
& Mus tart 1988). The fire-dependent and adapted fynbos 
vegetation (Van der Merwe 1966; Van Wilgen 1982) com-
prises a mosaic of different plant communities with different 
post-fire ages (Brownlie & Mustart 1988). Soils are about 
2 m deep, well-drained, medium acidic, aeolian sands 
(Lambrechts & Fry 1988) with a low phosphorus (Mitchell 
et al. 1984; Brown & Mitchell 1986) and nitrogen (Stock & 
Lewis 1986) content. 
The study area comprised a L. parile - T. punctatus mid-
high open shrubland community of Phylica cephalantha 
fynbos (Boucher & Shepherd 1988). The area was burnt in a 
wild fire during November 1986 (late spring). Vegetation 
age prior to the late spring fire, deduced from Proteaceae 
node counts and fire history records (Brownlie & Mustart 
1988), was about 11 years. 
Methods 
Seed production and input 
Estimates of annual seed production were based on 
measurements of plant densities and canopy diameters, 
counts of the numbers of infructescences (seed bearing 
inflorescences) per plant and numbers of plump, depaupe-
rate (incompletely developed) and predated seeds per 
infructescence in reproductively mature plants of the five 
species present in 50 randomly distributed 4_m2 quadrats 
(subdivided into I_m2 units) in the study area prior to the 
late spring wild fire. The numbers of plants randomly 
sampled for plant canopy diameter measurements and 
counts of infructescence numbers per plant and the numbers 
of infructescences randomly sampled for counts of seed 
numbers per infructescence in each species are summarized 
in Table l. All measurements were conducted prior to, but 
in the same year (1986) as the late spring wildfire. In the 
four non-serotinous species, measurements were conducted 
during their respective seed release periods and in serotinous 
P. rep ens during late spring (Table 1). 
In P. repens, infructescences (cones) were separated on 
the basis of node counts into different ages ranging from 0 
(current flowering season) to 4 years of age (previous 
flowering seasons) and counts made of the numbers of dif-
Table 1 Sampling times and sample sizes used to 
measure seed production of each species 
Species 
M. muricata 
T. punctatus 
P. stipularis 
L. pari/e 
P. repens 
Infructescence 
Capitulum 
Spikelet 
Capsule 
Bracteate head 
Cone 
• 50 of each different size. 
b Females. 
C From each age group. 
Sampling 
time 
June 
May 
Oct.INov. 
Oct.INov. 
Oct.INov. 
Nwnber of Nwnber of 
infructescen- plants 
ces sampled sampled 
64Z' 92 
50 115b 
100 68 
ZOO 40 
10" 40 
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ferently aged cones present on plants and the numbers of 
non-predated (plump and depauperate) and predated seeds 
present in the differently aged cones. Although seeds present 
in cones of the current flowering season were approximately 
9 months old and not yet fully mature (Jordaan 1949, 1965, 
1981), their numbers and viabilities were determined so that 
their proportional contribution to canopy-stored viable seed 
reserves could be established. No clear distinction could be 
made on visual criteria alone between plump and depauper-
ate P. repens seed forms. Therefore, no attempt was made to 
separate these two forms for purposes of determining viable 
seed production in this species. 
In L. parile, infructescence (bracteate head) counts 
included both juvenile and mature forms, but not buds. Esti-
mates of infructescence numbers per plant were therefore 
conservative as they did not include those infructescences 
that may have developed from buds after sampling. 
In M. muricata, the sizes of infructescences (dense 
aggregations of seed-bearing capitula) vary considerably on 
plants. Therefore, all (642) infructescences were removed 
from 30% (30 out of 92) of the plants present in the 
quadrats, and their diameters measured. From these, 50 
infructescences ranging from 15 to 50 rom in diameter were 
randomly subsampled and the total numbers of intact 
(florets not discharged) and empty (florets discharged) 
capitula present in each infructescence counted. A regres-
sion of infructescence diameters against total (intact and 
empty) capitula numbers per infructescence was established. 
The relationship between infructescence diameter and total 
numbers of capitula per infructescence (n = 41) was expo-
nential [ln(y) = 2.449ln(x) + ln(0.077)] with a high degree of 
correlation (r = 0.976) and a variance ratio (F = 777 .065) 
significant at P < 0.001. This regression equation was used 
to calculate the total numbers of capitula present in each of 
the 642 harvested infructescences from their measured di-
ameters. Intact capitula in the subsample of 50 infructes-
cences taken were dissected open under a stereo-dissecting 
microscope and the numbers of plump, depauperate and 
predated seeds counted. Their numbers were expressed as 
percentages of the numbers of intact capitula present in each 
infructescence, i.e. seed numbers per capitulum X 100. Data 
obtained from those infructescences where the percentages 
of empty capitula exceeded 40% were ignored. Average 
seed number per infructescence was determined from the 
product of average capitula number per infructescence 
(obtained from the 642 infructescences sampled) and mean 
seed number (plump, depauperate and predated} per capit-
ulum obtained from the subsample of 50 differently sized 
infructescences. It was assumed that the proportions of 
plump, depauperate and predated seeds in empty capitula 
were similar to those in intact capitula. 
Annual seed production per plant in non-serotinous 
species was calculated from the product of average seed 
numbers per infructescence, mean plump seed proportion 
(percentage/100) and mean infructescence numbers per 
plant. In serotinous P. repens, the numbers of seeds 
produced by differently aged cones was calculated from the 
product of average seed numbers per cone, mean non-
predated (plump and depauperate) seed proportions (per-
centage/100) and mean cone numbers per plant. Average 
seed numbers produced by differently aged cones were 
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summed to give the total numbers of canopy-stored non-
predated seed reserves per plant. Annual seed production per 
square metre plant canopy (areal) cover, an alternative mode 
of expression of seed production data (Keeley 1977), was 
determined for each species from the average seed pro-
duction per plant divided by average plant canopy cover per 
square metre (calculated from plant diameter measure-
ments). 
Annual seed input to the soil per square metre ground 
surface area (assuming homogeneous seed dispersal) in non-
serotinous species was calculated from the product of annual 
seed production per plant and mean plant density per square 
metre. The calculated annual seed input value for each 
species was corrected for seed viability using germination 
percentages determined in laboratory culture (see section on 
germination). This provided an estimate of the number of 
viable seeds per unit area released annually by a particular 
species to the soil seed bank. In serotinous P. repens, 
measured non-predated seed numbers in differently aged 
cones were corrected for seed viability using germination 
percentages· measured in differently aged seeds (extracted 
from differently aged cones) in laboratory culture (see 
section on germination). Viable seed numbers produced by 
differently aged cones were summed to give the total 
numbers of canopy-stored viable seed reserves per plant and 
then multiplied by mean plant density per square metre to 
give an estimate of the number of viable seeds per unit area 
released to the soil following fire-induced discharge of 
canopy-stored seed reserves. 
Germination 
Heat treatments 
Measured percentage germination following seed exposure 
to different temperatures and exposure periods was used as 
an index of potential seed viability after fire in each species. 
In the two Proteaceae species, P. repens and L. parile, wide 
diurnal temperature amplitude fluctuations (20°C/5°C) were 
used during seed incubation as these improve germination 
(Brits 1986a, 1987). In the other species, the diurnal temp-
erature amplitude fluctuation (10°C/5°C) used during 
incubation was that at which seeds generally germinated 
most rapidly (Musil, unpubl.). 
Plump seeds of each species collected from infructescen-
ces (cones from the current flowering season in P. repens) 
were separated from depauperate and predated seed forms to 
maximize germination percentages in culture. Batches of 
plump seeds in each species were exposed to different 
temperatures ( 40, 60, 80, 100, l20°C) of varying duration 
(3, 6, 9, 12, 15 min) in a thermostatically controlled forced 
draft oven. Heat treatments applied did not exceed tempera-
tures of l20°C and 15 min in duration. Temperatures above 
l20°C are lethal for many seeds of sclerophyllous 
vegetation (Wright 1931; Sampson 1944; Stone & Juren 
1952; Quick & Quick 1961; Keeley et al. 1985) and not 
maintained at levels above 100°C for longer than 15 min in 
surface soils of such vegetation with fuel loads similar to 
those of 11-year-old sand plain lowland fynbos (Floyd 
1966). Twenty-five different combinations of temperature 
and exposure period were applied to each species. Controls 
for each species comprised plump and depauperate seeds 
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Table 2 Seed germination treatments and methods used to estimate seed viability of 
each species 
Controls• 
Experiment/ Replicates Seeds per Diurnal temperature Incubation 
Species per treatment replicate range at incubation period (days) 2 3 
Temperature/exposure period 
M. muricala 3 33 l0°C/5°C 90 PS DS 
T. punclatus 4 50 10°C/5°C 90 PS DS 
P. stipu/aris 3 15 10°CWC 90 PS DS 
L. parile 5 20 20°C/5°C 120 PS DS sc 
P. repens 7 15 200C/5°C 60 PS PS(B) 
Seed age 
P. repens 20 15b 20°CWC 60 PRS 
• PS, plump seed; DS, depauperate seed; PS(B), plump seeds from fire-damaged infructescences; SC, scarified seed 
(outer pericarp removed); PRS, predated seed (7 replicates per treatment only). 
b Includes both plump and depauperate seed forms. 
that were not subjected to heat treatment. The following 
additional controls were included: one batch of P. repens 
plump seeds extracted from 10 fire-damaged cones of the 
current flowering season randomly sampled from burnt 
vegetation three days after the late spring wild fire, and one 
batch of L. parile plump seeds that were immersed for 24 h 
in water and their gelatinous testas removed. Restriction of 
oxygen passage to the embryo by the testa is an important 
factor imposing seed dormancy in non-serotinous Proteaceae 
with nut-like achenes (Brits 1986b; Brits & Van Niekerk 
1986). Treatments and controls were randomized and seeds 
were incubated in a growth chamber on moist sterile sand 
plain lowland fynbos soil, pre-sieved through a 500-~J.m 
mesh contained in petri dishes . Benomyl (Benlate Du Pont) 
at a concentration of 0.02% active ingredient was added to 
each petri dish to prevent fungal contamination. 
Replications, incubation conditions and controls applicable 
to each species are summarized in Table 2. An 8-h 
photoperiod corresponding with the higher incubation 
temperature was used in all species. Germinants were 
recorded at 3-weekly intervals. A radicle which exceeded 
twice the maximum seed diameter was used as an arbritary 
criterion for distinguishing germination. Percentage 
germination data obtained for species over their entire 
incubation periods following heat treatments were tested for 
non-normality in distribution, ranked and subjected to a non-
parametric 2-way ANOVA (Friedman test). Both the 
Friedman statistic (X,2) and the Conover-Friedman statistic 
(T2) using an F approximation were computed to test for 
significant effects of different temperatures against exposure 
periods and vice versa on subsequent germination (Sachs 
1982). A multiple comparisons test on all rank sums was 
conducted where the Friedman and Conover-Friedman 
statistic probabilities were less than 0.05 (Sachs 1982). 
Seed age 
Batches of non-predated (plump and depauperate) P. repens 
seeds extracted from differently aged cones were incubated 
under identical conditions in a growth chamber as heat-
treated plump seeds (Table 2). The control comprised one 
batch of predated seeds extracted from cones of the current 
flowering season. A Kruskal-Wallis H-test, a non-
parametric equivalent of a one-way ANOVA (Sachs 1982), 
was used to test for significant differences in measured seed 
numbers and viabilities between differently aged cones. 
Soil seed bank 
Estimates of the numbers of non-dormant seed reserves 
present in the soil before and after fire were based on counts 
of the numbers of seedlings of each species that emerged 
over a 12-month period from soil samples taken from burnt 
and adjacent unbumt vegetation (30 m from the bum 
margin) in the study area approximately one week after the 
late spring fire. Two transects, each 50 m in length, were 
established at random in both burnt and unbumt habitats. At 
each metre interval along the transects, seven soil cores (75 
mm in diameter and 25 mm deep) were taken, each spaced 
laterally by distances of 30 em. Both replicate (309.3 cm2) 
and total soil surface areas (3.093 m2 ) sampled in each 
habitat exceeded those reported adequate to obtain 
statistically reliable estimates of soil seed bank densities in 
other vegetation types (Chapness 1949; Rabotnov 1958; 
Roberts 1981; Forcella 1984; Major & Pyott 1986) and total 
soil volumes (7320 cm3 ) sampled in each habitat were 
greater than minimum soil volumes recommended for 
detection of species in vegetation of different successional 
stages, viz. 400 cm3 for early stages of succession (Numata 
et al. 1964), 500 - 600 cm3 for grassland (Hayashi & 
Numata 1971) and 4000 - 6000 cm3 in climax forest 
(Hayashi & Numata 1968). Soil cores taken at each metre 
interval along the transects were bulked, thoroughly mixed 
and layered to depths of 20 mm over sterile potting soil 
contained in labelled 20 em diameter and 20 em deep plant 
pots. Plant pots were randomized within a greenhouse, 
irrigated daily for a period of 12 months and seedling counts 
performed monthly. Twenty plant pots containing only 
sterile potting soil were interdispersed at random within the 
greenhouse and served as controls for potential sources of 
contamination. 
Pre- and post-fire seedling recruitment 
Post-fire seedling population densities of the five species 
were determined during late spring (November 1987) one 
year after the spring bum in 50, 2 m X 1 m rectangular 
quadrats (subdivided into square metre units) located in the 
study area (Musil & De Witt 1990). At this stage, seedling 
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population densities had attained maximum levels (Musil & 
De Witt 1990). 
seed bank sizes and pre- and post-fire seed regeneration for 
the five species studied are presented in Table 3. 
The 50 4-m2 quadrats established in unburnt vegetation 
were also examined during late spring (November 1986 and 
1987) for the presence of seedlings of the five species. 
Results 
Seed production and input 
Statistics of seed production, seed inputs to the soil, soil 
The contribution of differently aged cones to canopy-
stored seed reserves in P. repens is presented in Table 4. No 
significant differences (P > 0.05) in total (predated + non-
predated) seed numbers per cone and percentages of non-
predated seeds per cone were found between differently 
aged cones. Over 60% of the canopy-stored viable seed 
reserves on plants were contributed by cones of the current 
Table 3 Statistics of seed production, seed inputs to the soil, soil seed bank sizes and pre-
regeneration for the five species studied 
Non-serotinous species' 
M. muricata T. punctatus L. parile P. stipuIaris 
Parameter Mean :!:SE Mean :!:SE Mean :!:SE Mean :!:SE 
Infructescence 
Seeds per infructescence 73 .8 8.53 36.2 0.87 3.5 0.13 3.1 0.03 
Plump seed % 35.2 97.2 94.8 78.5 
Depauperate seed % 39.1 2.1 3.8 18.9 
Predated seed % 25.7 7.7 1.4 2.6 
Plant 
Infructescences per plant 17.9 1.89 67.7 13.2 185.9 21.0 74.5 9.16 
Plant canopy (areal) cover m-2 0.163 0.02 0.180 0.03 2.801 0.14 0.235 0.03 
Plant density m-2 0.53 0.06 0.76 0.08 0.37 0.04 0.88 0.07 
Seed production 
per plant 465.0 2382.1 616.8 181.2 
m-2 plant canopy (areal) cover 2852.8 13234.0 220.2 771.1 
Seed input 
m-2 ground surface area 246.4 1810.4 228.2 159.4 
Germination 
Untreated seeds % 9.1 3.00 0.5 0.50 1.0 1.00 15.5 5.84 
Treated seeds % 52.5 2.02 0.5 0.50 28.0 5.15 53.4 6.67 
Viable seed input 
Number of viable seeds released annually 
or after fire to soil seed bank m-2 22.4-129.4 9.0-9.0 2.3-63.9 24.7-85.1 
Soil seed bank (No. of non-dormant seeds m-2) 
Unbumt vegetation 3.2 0.97 1.3 0.65 0.0 0.0 
Burnt vegetation 15.5 0.32 13.6 2.91 1.3 0.97 0.3 0.3 
Seedling recruitment (No. of seedlings m -2) 
Unbumt vegetation 0.0 0.0 0.0 0.0 
Burnt vegetation 2.70 0.53 3.07 0.98 1.01 0.36 2.49 0.65 
• :!:SE: standard error. 
b Includes depauperate seed fraction. 
e See Table 4. 
d Estimate based on an observed 72.5% reduction in plump seed viability in fire-damaged cones. 
e Significantly different at P < 0.05. 
Table 4 The contribution of differently aged P. repens cones to canopy-stored seed reserves" 
Number of cones Number of seeds Non -predated Seed viability % 
per plant (n = 40) per cone (n = 10) seeds % (n = 10) Number of non- (n = 20) 
Con'e age, predated seeds 
yrs (months) Mean :!:SE Mean :!:SE Mean :!:SE per plant Mean :!:SE 
0 (9) 47.0 4.7 47.4a 1.4 69.7a 13.4 1552.8 5.7a 1.7 
(21) 16.3 2.1 46.7a 1.2 8 LOa 7.4 616.6 3.4a 1.1 
2 (33) 5.9 0.8 49.3a 5.3 96.1a 1.7 279.5 1O.2b 1.7 
3 (45) 1.6 0.4 52.4a 1.7 70.3a 10.7 58.9 6.5a 2.8 
4 (57) 0.1 0.1 45.6a 4.7 79.6a 7.6 3.6 1.2a 0.8 
H-statistic 7.447 5.003 19.204Y 
Total seed production per plant 2511.4 
x n, number of replicates; :!:SE, standard error. Values with any letter in common are not significantly different at P < 0.05. 
Y Significantly different at P < om. 
and post-fire seed 
Serotinous species 
P. repens 
Mean :!:SE 
48.3 1.45 
79.3h 
20.7 
70.8 7.79 
2.590 0.25 
0.10 0.04 
2511.4e 
969.6 
97.0 
5.4 0.78 
1.5d 
1.4-5.2 
0.0 
0.3 0.3 
0.0 
1.52 0.42 
Number of viable 
seeds per plant 
88.5 
21.0 
28.5 
3.0 
0.0 
141.0 
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flowering season. 
Calculated annual seed input to the soil by T. punctatus 
(1810.4 seeds per square metre ground surface area) was 
several orders of magnitude greater than that of other non-
serotinous species and serotinous P. repens (Table 3). 
Calculated fire-induced input of non-predated seeds to the 
soil by an ll-year-old serotinous P. rep ens population (97.0 
seeds per square metre ground surface area) was lower than 
the annual seed input values determined for all non-sero-
tinous species (Table 3). 
Germination 
Heat treatments 
Only germination of M. muricata, P. stipularis and P. 
repens seeds responded to heat treatment (Figures 1a-c). 
Exposure of their seeds to increasing temperatures resulted 
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in a significant (P < 0.(01) improvement in subsequent 
germination of both M. muricata and P. stipularis seeds, but 
a significant (P < 0.001) reduction in germination of P. 
repens seeds (Table 5). Increased seed exposure periods to 
heat did not significantly (P > 0.05) affect subsequent 
germination of M. muricata and P. stipularis, but did 
significantly (P < 0.01) influence subsequent germination of 
P. repens seeds. 
In M. muricata, germination was significantly (P < 0.001) 
enhanced following seed exposure to a temperature of 80°C 
(Table 5). Maximum germination (52.5%) was attained fol-
lowing seed exposure to a temperature of 100°C for 6 min 
(Figure 1a). At this treatment, germination was about 5 - 6 
times higher than that of untreated plump seeds (9.1% in 
plump seed control). At higher temperatures and longer 
exposure periods, germination was inhibited. 
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Figure 1 Percentage gemUnation of (A) M. muricata, 
(B) P. stipuiaris, (C) P. repens, (D) T. punctatus and 
(E) L. parile seeds following heat treatment (25 different 
combinations of temperature and exposure period). Controls 
comprised seeds not subjected to heat treatment: plump seed 
control C(PS), plump seed from burnt infructescences control 
C(PSB), depauperate seed control C(DS), and scarified seed 
control C(SC). 
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Table 5' A 2-way ANOVA (Friedman test) of Meta/asia muricata, Phy/ica stipu/aris 
and Pro tea repens seed germination data following heat treatment (25 different 
combinations of temperature and exposure period)* 
Friedman test Conover-Friedman 
statistic X" test sraiistic T2 
Parameter DFt = 4 DP = 4,56 (4, 136) 
M. muricata 
Temperature Cc) 40 60 80 100 120 
Germination % 5.7a 4.6a 21.6b 34.5c 3.2d 41.508* 40.094* 
Exposure period (min) 3 6 9 12 15 
Germination % 8.5a 15.6a 15.3a 16.0a 14.3a 6.973 1.983 
P. stipularis 
Temperature Cc) 40 60 80 100 120 
Germination % 15.la 28.0b 35.5b 29.8b 1.8c 37.053* 24.531 * 
Exposure period (min) 3 6 9 12 15 
Germination % 27.6a 20.0a 19.1a 21.3a 22.2a 4.027 1.330 
P. repens 
Temperature Cc) 40 60 80 100 120 
Germination % 33.9a 27.4b 20.4c 14.7d 2.5e 78.206* (48.884*) 
Exposure period (min) 3 6 9 12 15 
Germination % 25.9a 21.7a 18.8b 16.2b 16.2b 17.188$ (5.879*) 
• Values with any letter in common are not significantly different at P < 0.05. 
t DF, degrees of freedom. 
* Significantly different at P < 0.001. 
$ Significantly different at P < 0.01. 
In P. slipularis, germination was significantly (P < 0.001) 
enhanced following seed exposure to a temperature of 600e 
(Table 5). Maximum germination (53.4%) was attained fol-
lowing seed exposure to a temperature of 1000 e for 3 min 
(Figure 1b). At this treatment, germination was 3 - 4 times 
higher than that of untreated plump seeds (15.6% in plump 
seed control). At higher temperatures and longer exposure 
periods germination was inhibited. 
In P. repens, germination was significantly (P < 0.001) 
inhibited following seed exposure to a temperature of 600e 
(Table 5) and declined progressively with increasing temp-
eratures and exposure periods (Figure 1c). Seed exposure to 
a temperature of 1200e for 3 min resulted in a germination 
percentage (7.6%) not very much different to that of seeds 
extracted from burnt (fire-damaged) cones (10.5%). The 
latter exhibited a 72.5% reduction in seed viability in com-
parison with seeds extracted from unburnt cones (38.1 %). 
Germination of L. parile and in particular T. punctatus 
seeds was poor and not stimulated by exposure to heat. In T. 
punctatus (Figure 1d), germination occurred in only two 
treatments, namely in the control (0.5%) and following seed 
exposure to a temperature of 1000e for 12 min (0.5%). In L. 
parile, approximately 1 % of the unscarified seeds germi-
I)ated irresPective of heat treatment (temperature or ex-
posure period), though seed exposure to temperatures of 
,120oe resulted in an inhibition of seed germination 
(Figure Ie). Removal of the outer gelatinous seed testa 
resulted in an approximate 28-fold increase in germination 
(28.0% in scarified seed control). 
Depauperate seeds of all four non-serotinous species did 
not germinate (Figures 1a-e). 
Seed age 
Percentage germination measured in seeds from differently 
aged P. rep ens cones was low ranging from l.2% in 4-year 
(57-month) old cones to 10.2% in 2-year (33-month) old 
cones (Table 4) with a mean percentage germination (via-
bility) of seeds, irrespective of cone age, of 5.4%. Measured 
percentage germination in seeds from 2-year-old cones was 
significantly (P < 0.(01) higher than that of seeds extracted 
from cones of other ages and corresponded with a high 
percentage of non-predated seeds present in these cones 
(Table 4). 
Viable seed input 
Estimated numbers of viable seeds released annually to the 
soil by the four non-serotinous species are presented in 
Table 3. These ranged from 2.3 viable seeds per square 
metre in L. parile to as high as 129.4 viable seeds per square 
metre in M. muricata. An upper and lower estimate is 
presented for each species based on the highest and lowest 
germination percentages measured in treated and untreated 
seeds, respectively, in laboratory culture. 
In serotinous P. repens, estimated numbers of viable 
seeds released to the soil following fire-induced discharge of 
canopy-stored seed reserves ranged from 1.4 to 5.2 viable 
seeds per square metre. The lower estimate for viable seed 
input (1.4 viable seeds per square metre) was based on an 
assumed 72.5% reduction in mean viability of non-predated 
seeds in cones during fire, i.e. from 5.4 to l.5%, as 
measured in plump seeds extracted from fire-damaged cones 
(Figure 1c). 
Soil seed bank 
The numbers of non-dormant seeds present in soils before 
and after fire were l.3 and 13.6 seeds per square metre, 
respectively, in T. punctatus and 3.2 and 15.5 seeds per 
square metre, respectively, in M. muricata (Table 3). In the 
other species, no non-dormant seeds were detected in soils 
before fire (unburnt vegetation) and measured numbers of 
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non-dormant seeds present in soils after fire (burnt vegeta-
tion) were extremely low (1.3 viable seeds per square metre 
or less). 
Pre- and post-fire seedling recruitment 
Recorded post-fire seedling population densities of the five 
study species are presented in Table 3. These ranged from 
1.01 seedlings per square metre in L. parile to 3JJ7 
seedlings per square metre in T. punctatus. No seedlings of 
the five species were observed in unburnt vegetation over 
the 2-year recording period. 
Discussion 
Seed production 
In serotinous P. repens, measured numbers of canopy-
stored, non-predated seed reserves per plant (Table 4) were 
over 10 times greater than those (54.9 - 194.9 seeds per 
plant) reported for similarly aged (11 - 12 year old) P. 
rep ens populations in mountain fynbos (Lombaard 1971; Le 
Maitre 1987). In non-serotinous M. muricata, measured 
annual seed production (465 plump seeds per plant) was 
over 50 times smaller than that (23 110 - 33 885 plump 
seeds per plant) reported by Pierce (1990) in similarly aged 
(13 - 14 year old) coastal dune fynbos occurring on more 
fertile calcareous soils of the eastern Cape (Campbell 1983). 
The lower annual seed production measured for M. muricata 
in sand plain lowland fynbos may have been partly due to 
the high percentage (mean: 46.8%) of infertile capitulla 
present in infructescences. The latter may indicate serial 
adjustment of maternal investment, by abortions or develop-
ment failure at successive floral stages (Lloyd 1980), to 
resource and/or pollinator limitation (Haig & Westoby 
1988). Comparitive seed production data for other species 
are not available. 
Germination 
Serotinous species 
Average percentage germination (viability) measured in 
seeds from P. rep ens cones that were 21 - 57 months ( 1 - 4 
years) old (5.3%) at the study site closely corresponded with 
that (4.7%) reported by Bond (1985) in similarly aged (24 
months and older) cones in mountain fynbos sites. However, 
percentage germination measured in seeds from immature 
9-month-old cones (5.7%) was approximately 3 times lower 
than that (15.8%) reported by Bond (1985) in mature 12-
month-old cones. The reduced seed viability in immature 
cones and the high percentage (>60%) of seeds contributed 
by cones of the current flowering season to canopy-stored 
seed reserves (Table 4) support Jordaan's (1949, 1965, 
1981) suggestion that 'dangerously' timed (spring) fires 
could strongly depress seedling recruitment of some Pro-
teaceae species through fire-induced release of an immature 
seed crop. No significant differences in percentages of non-
predated seeds were found between differently aged P. re-
pens cones at the study site. This contrasts with the observed 
decline in percentages of non-predated seeds with increasing 
cone age in mountain fynbos sites (Coetzee & Giliomee 
1987). High pre-dispersal seed predation rates associated 
with reduced predator search times (Root 1973; Forcella 
S.-Afr. Tydslcr. Plantk., 1991,57(3) 
1980; De Stephen 1983; Greenwood 1985) in more dense P. 
repens populations in mountain fynbos [0.15 - 1.82 plants 
per square metre in mountain fynbos (Bond et al. 1984) 
compared with 0.10 plants per square metre at the study 
site] may provide an explanation for this discrepancy. The 
decline in P. repens seed viability observed in fire-damaged 
cones and in seeds following their exposure to high temp-
eratures in laboratory culture (Figure lc) may explain why 
lower post-fire seedling recruitment levels have been 
observed in serotinous Proteaceae stands with high pre-fire 
parental densities (Bond et at. 1984; Le Maitre 1988b). 
Clearly, higher fuel loads in dense populations (Van Wilgen 
1982) would result in increased fire intensities (Kruger & 
Bigalke 1984) and higher seed mortalities in cones during 
fires than would be the case in less dense populations. In 
this study, correction of P. repens measured fire-induced 
seed input for an observed 72.5% reduction in seed viability 
in cones during fire resulted in a viable seed input estimate 
(1.4 viable seeds per square metre) similar to this species's 
recorded post-fire seedling population density (1.52 seed-
lings per square metre). Reduced post-fire seedling recruit-
ment levels observed in dense Proteaceae stands (Bond et al. 
1984; Le Maitre 1988b) cannot be entirely attributed to a 
decrease in reproductive output resulting from smaller 
canopy volumes and higher pre-dispersal seed predation 
rates (Esler & Cowling 1990), since reproductive output per 
plant is under-compensated for by an increase in parental 
density and should increase on a unit area basis (Begon & 
Mortimer 1986; Esler & Cowling 1990). 
Non-serotinous species 
The observed increase in germination of M. muricata and 
P. stipularis seeds following their exposure to high 
temperatures in laboratory culture (Figures la and Ib) 
suggests a promotive effect of fire on seed germination 
under natural conditions. This suggestion is supported by the 
approximate 5- to 6-fold increase in non-dormant soil-stored 
seed reserves of M. muricata measured after fire (Table 3) 
which corresponds with a similar increase in germination 
measured in this species's seeds following their exposure to 
a high temperature (100°C) of short (6 min) duration in 
laboratory culture (Figure la). Improved germination of P. 
stipularis seeds following heat treatment compares favour-
ably with observations in other genera of the Rhamnaceae. 
In Ceanothus velutinus, for example, it has ~n found that 
seed exposure to heat irreversibly opens the !J.ilum resulting 
in a breakdown in seed dormancy imposed by the water im-
permeable testa (Gratkowski 196~). However, under natural 
conditions it would appear that dormancy of a much smaller 
proportion of P. stipularis soil-stored seed reserves would 
be broken by fire than of M. muricata due · to the much 
greater seed burial depths, means of 28.8 mm for P. 
stipularis and 7.6 mm for M. muricata seeds at the study 
site (Musil & De Witt 1990). R((Corded temperatures during 
fires at soil depths (25 mm) similar to the mean seed burial 
depth of P. stipularis at the study site do nClt exceed 40°C in 
sclerophyllous vegetation with fuel loads similar to those of 
sand plain lowland fynbos (Floyd 1966). This is much lower 
than the 60°C temperature required to stimulate germination 
in this species (Figure Ib). 
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The low percentage germination measured in T. punctatus 
seeds (0.5%) was probably due to some aspect of innate 
seed dormancy rather than incorrect time of sey~ harvest 
(Clegg 1980). In this study, germination of T. punctatus 
seeds, unlike those of some Restionaceae species (Musil, 
unpub!.) were unaffected by heat treatment (Figure Id). 
However, the approximate lO-fold increase in this species's 
non-dormant soil-stored seed reserves observed after fire 
(Table 3) suggests that some other factor associated with 
fire, possibly ethylene and ammonia gases (Van de Venter 
& Esterhuizen 1988) released during vegetation fires 
(Lewcock 1937; Russell et al. 1974) or seed contact with 
burnt plant residues (Wicklow 1977; Keeley et al. 1985; 
Keeley & Pizzorno 1986) is necessary to break seed 
dormancy in this species. 
Measured percentage seed germination in L. parile was 
also low (ca. 1%) and unaffected by heat treatment. The 28-
fold increase in seed germination observed following physi-
cal removal of the testa and the deep seed burial depths 
(mean 131.2 mm) recorded for this species at the study site 
(Musil & De Witt 1990) suggest that removal by ants during 
seed burial of the testa which functions as an eliasome 
(Slingsby & Bond 1983; Bond & Breytenbach 1985) may be 
an important factor contributing to a breakdown in seed 
dormancy in this species. 
In all species investigated, germination was inhibited fol-
lowing seed exposure to temperatures of 120°C (Figures 
la-e). This compares favourably with the reported lethal 
effect of temperatures above 120°C on many seeds of 
sclerophyllous vegetation of other mediterranean-type eco-
systems (Wright 1931; Sampson 1944; Stone & Juren 1952; 
Quick & Quick 1961; Keeley et al. 1985). 
Seed input, seed bank and seedling recruitment 
Measured number of non-dormant M. muricata seeds 
present in soils ofunbumt vegetation at the study site (3.2 
seeds per square metre) was about 50 times smaller than that 
(81 - 173 seeds per square metre) recorded in soils of simi-
larly aged (13 - 14-year-old) coastal dune fynbos (Pierce 
1990). This corresponded with a difference in this species's 
seed production of similar magnitude between sand plain 
lowland and coastal dune fynbos sites (see: discussion of 
seed production). The large increases in non-dormant soil-
stored seed reserves (ca. 5- and lO-fold in M. muricata and 
T. punctatus, respectively) observed after fire contrasts with 
the reported absence of any significant stimulatory effect of 
fire on soil-seed banks in a mountain fynbos-forest ecotone 
(Manders 1990b). 
In all non-serotinous species, estimated numbers of viable 
seeds per unit area released annually to the soil generally 
exceeded by several orders of magnitude recorded post-fire 
seedling population densities (Table 3). Similar patterns 
were evident where estimates of annual viable seed inputs to 
the soil were compared with measured non-dormant soil-
stored seed . reserves. In M. muricata, for example, both 
lower and upper estimates of annual viable seed inputs 
exceeded the numbers of non-dormant seeds present in the 
soil before and after fire, respectively (Table 3). In T. punc-
tatus, estimates of annual viable seed inputs also exceeded 
the numbers of non-dormant seeds present in the soil before 
fire, but not after fire since estimates were based on a 
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germination percentage (0.5%) determined in seeds whose 
dormancy had not been· broken. In the two remaining non-
serotinous species, namely P. stipularis and L. parile, 
comparisons between estimated annual ~iable seed inputs 
and measured non-dormant soil-stored seed reserves were 
not valid. The depth of soil sampled (25 mm) for enumera-
tion of non-dormant soil-stored seed reserves was lower 
than mean seed burial depths (28.8 and 131.2 mm for P. 
stipularis and L. parile, respectively) recorded for these two 
species at the study site after soil sampling (Musil & De 
Witt 1990). 
Data presented above suggest that ·dormant seed reserves 
do not accumulate in sand plain lowland fynbos soils 
between fires . If soil seed banks were persistent and it is 
accepted that factors directly or indirectly associated with 
fire provide important cues for germination of dormant soil-
stored seed reserves, one would have expected post-fire 
seedling population densities and non-dormant soil-stored 
seed reserves to have exceeded estimated annual viable seed 
inputs to the soil, and not vice versa as was evident in this 
study. An alternative hypothesis could be that soil-stored 
dormant seed reserves are unaffected by fire. A small pro-
portion of these reserves germinates annually irrespective of 
fire, but seedling establishment and survival in mature vege-
tation is extremely low. The large increases (ca. 5- and 10-
fold in M. muricata and T. punctatus, respectively) in non-
dormant seed reserves recorded in soils after fire provide 
little support for this hypothesis. A more plausible ex-
planation is that soil-stored dormant seed reserves are 
rapidly depleted through predation or decay following seed 
release. This suggestion is supported by the large quantities 
of predated seed remnants observed during microscopic 
examination of organic fractions of soil cores from the study 
site (Musil, unpub!.). Further studies of soil-stored seed 
turn-over rates are required to validate these findings. 
If soil-seed banks in fynbos are indeed transient, it may 
explain localized species population extinctions (Hall 1987) 
and general sensitivity of fynbos to denudation through 
incorrect exploitation, increasingly frequent and untimely 
fires and infestation by alien vegetation (Jarman 1982), 
particularly as seed dispersal distances in many fynbos taxa 
are relatively short (Moll & Gubb 1980; Slingsby & Bond 
1985; Manders 1986; Brits 1987). Transient soil seed banks 
provide no buffer to variations in seed set whether inherent 
(Koptur 1984; Wiens 1984) or mediated by climatic condi-
tions (Keeley 1977), pollinators -(Bierzychudek 1981; 
Nybom 1987), predispersal seed predators (Janzen 1971; 
Delph 1986), population age (Bond 1980) or density (Esler 
& Cowling 1990). Clearly, post-fire seedling recruitment 
levels will depend to a large extent on the magnitude of 
reproductive output preceeding a fire and not only on post-
fire factors inimical for germination, seed and seedling 
survival (Bond 1984; Le Maitre 1988a). A large decline or 
cessation of reproductive output preceeding a fire arising 
from either natural stress, ego death of adult plants through 
disease or ageing in senescent populations (Kruger 1979), 
inter- or intraspecific competitive interactions for limited 
resources (Harper 1977; Antonovics & Levin 1980), or 
artificial stress, ego indiscriminate wild-flower and seed 
harvesting for the horticultural industry (Edwards 1976; 
Manders 1989), could severely impair the capacity of some 
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indigenous species, particularly obligate seeders, to 
regenerate after fire. This in turn could result in the 
localized extinction of their populations. Reduced post-fire 
seedling recruitment levels observed among dicotelydons 
with soil-stored seeds in senescent fynbos following 
prolonged fire deferral (Bond 1980) provide some support 
for these proposals. 
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